Estimating underlying mechanisms and dynamics from observed tree patterns can provide guidance for plantation management. Robinia pseudoacacia can reproduce via clonally produced ramets, leading to a complex distribution of stems. Three second generation plots and three third generation plots (each plot 50 m × 50 m) were established across a wide age range after clear-cutting in a Robinia pseudoacacia plantation in central China. We measured spatial coordinates, diameter at breast height (DBH) or diameter at basal stem, and heights of all recruits, as well as the coordinates and base diameter of all stumps, in six plots. The spatial pattern in different plots and the spatial relation between stumps and regenerations after clear-cutting were analyzed. To estimate the underlying processes of the observed patterns, we fitted Matérn and Variance-Gamma cluster processes to the observed dataset. The results revealed that the percentage of ramets from stumps decreasing with age in the two types of stands (from 40.4% to 30.1%, from 57.6% to 35.7%), and trees exhibited an aggregated distribution in all plots, but the degree of aggregation exhibited a decreasing trend with age, and aggregation occurred at different scale. Furthermore, a large proportion of ramets had their nearest neighbor at a short distance (<1 m) based on analysis of the nearest neighbour function. The bivariate analysis revealed that the spatial relation between stumps and ramets changed with age, and a repulsion trend was found between them in all the six plots. The Variance-Gamma process with covariate of Cartesian coordinates fitted the observed patterns better than others. The observed pattern was likely driven by root dispersal limitation, seed dispersal limitation, human disturbance, and intraspecific competition. Spatial patterns are important characteristics in forest stand structure, and understanding the pattern change and its underlying mechanisms could allow for better timing of artificial disturbances to optimize stand structure and promote stand growth.
Introduction
Regeneration plays a vital role during forest ecosystem restoration and sustainable management. It is essential to understand natural regeneration processes for economic and ecological reasons [1] . Logging of natural forests over the last century has led to large areas of artificial forests and semi-natural forests. Different cutting methods effects on the processes and spatial patterns of regeneration. For example, retaining tree when clear-cutting could increase the structural diversity [2] , and natural regeneration could be improved by commercial thinning [3] . Additionally, the shelterwood system can help prevent high losses of soil nitrogen during the start of regeneration [4] , and appropriate regeneration can be ensured after combining seed-tree harvesting with the shelterwood and scarification in black spruce stands [5] . These studies have focused on regeneration growth, but there is a lack of understanding about spatial patterns and regeneration processes after anthropogenic disturbances such as clear-cutting and tending-felling.
Black locust (Robinia pseudoacacia L.) is a tree species native to the Appalachian Mountains of North America with a relatively short lifespan; there it plays an important role in early primary successional series [6] . In the 1960s, the black locust was introduced to Luoning (Henan Province, China) from North Korea and planted widely in a local hilly region [7] for erosion control, eco-environmental construction, and its economic benefits; due to its nitrogen-fixing ability and its asexual regeneration capacity [6, 8] , the black locust can grow well in an infertile environment. The black locust has been planted widely in China for soil and water conservation [9] and is now a widespread exotic tree species, covering more than 26,635 hectares in the Luoning region. Although it may effect plant assemblages [10] , the ecosystem and recruitment of native species [11] , and may cause both a loss in plant richness and shifts in species composition [12, 13] , the black locust is now considered a promising tree for reforestation [10, 14] and soil conservation. The pure black locust stands in Luoning region grew well initially, without any artificial management of water or fertilizer, but several clear-cutting events for timber utilization led to a change in forest structure. Clear-cutting is the main logging method for black locust forests in the Luoning region and a widespread forest harvesting method in other places [15] . However, higher temperatures and wind exposure following clear-cutting can cause large shifts in microclimates [16] , which can lead to different habitat that may have a strong effect on regeneration and lead to highly fragmented landscapes [5] . Clear-cutting can also lead to defoliation of conifer regeneration affected by spruce budworm (Choristoneura fumiferana) due to a lack of shelterwood [17] . Black locust trees regenerate asexually through the formation of new ramets on cut stumps and residual horizontal roots after clear-cutting [8] . In the hybrid aspen plantation forest, management strategies for root sucker stands are important for the outcome [18] , so the study the root suckers in black locust plantation forest is necessary. Efficient and sustainable utilization of black locust requires that forest management applies silviculture practices that mimic natural forest structures and processes to protect the ecological structure and function of the forest [19, 20] . The natural processes that generate and maintain spatial distribution patterns have long been of great interest [21] and include a deeper understanding of regeneration processes [14] and the spatial distribution of regeneration following logging. The problem of pattern and scale is of great importance and is one of the central topics in ecology [22] [23] [24] . Nevertheless, understanding the underlying biological process from the observed pattern remains a challenge [25, 26] because the observed pattern has been modified by combinations of various past events over a long period and at various spatial scales, especially in forests [19, 25] . Most tree species in forests worldwide are spatially aggregated at different scales and the spatial patterns of trees change with the developmental stage of the forest, particularly in natural forests not heavily disturbed by humans [23, [27] [28] [29] . Several studies have focused on the spatial patterns of trees according to forest development stage [30] [31] [32] , some studies manifested that radial growth of trees and tree growth model was affected significantly by tree spatial position relative to skidding trails in conifer forest after different cutting methods [33, 34] . Few have explored the spatial patterns of planted black locust forests in different growth stages, such as intergenerational stages and age stages that have been disturbed by tending-felling and clear-cutting.
To characterize spatial patterns and processes of regeneration of black locust trees in different growth stages following logging, spatial point pattern analysis was used to detect black locust forest structure. Forest structure has been measured by a range of methods, such as the uniform angle index [35] , mingling index [36] , and dominance index [37] , all of which are based on neighborhood trees without the exact position of every tree. Spatial functions such as Ripley's K function [38] [39] [40] and Ripley's L function [41] , which is a transformation of K to stabilize the variance of the estimator and make it easier to assess deviations [42] , have the advantage of providing a 'plant's eye view' to normalize the average density of individuals surrounding the focal plant at a given distance [43, 44] . We will use g(r) function in this study, which has become more and more popular in ecology [26, 45] , and. Summary spatial statistics are not sufficient to provide a direct link between underlying ecological processes and spatial patterns, but by fitting point process models to observing patterns, we can adjust for effects that might otherwise distort the analysis and obtain additional insights about the relationship [26, 42, 46] .
The objectives of this study were to address the following questions:
(1) What are the regeneration spatial patterns of black locust trees in different growth stages following logging? (2) What is the spatial relation between stumps and regenerations? (3) What are the ecological processes behind these spatial patterns?
We hypothesized that:
(1) The extent of cluster of spatial pattern will show a downward trend with age due to impact of self-thinning and tending. (2) Spatial repulsion between stumps and ramets will happen at small scales, because sprouts of stumps suppress sprouts of roots and seedlings. (3) Silvicultural scheme, expansion and extension characteristics of black locust, and grazing will be the ecological processes behind these spatial patterns.
Materials and Methods

Study Area
Our study was conducted in a government-owned forest farm located in Henan Province (Figure 1 ), central China (34 • 05 -34 • 38 N, 111 • 08 -111 • 49 E). The elevation of the study area varies from 650-770 m a.s.l., and the climate is a warm temperate continental monsoon climate with an average annual temperature of 13.7 • C (min. −21 • C and max. 42 • C) and an annual precipitation of 552 mm. The soil is mainly brown earth [7] .
The flora in the study area belongs to the Chinese-Japanese plant sub-region of the Pan-Arctic plant region. Native plants mainly include plants in the families Salicaceae, Betulaceae, Juglandaceae, Aceraceae, Rosaceae, Ranunculaceae, and Fagaceae. The black locust plantation at our study site was developed by stem-cut reforestation from seedlings in the 1960s with an initial stocking density of approximately 40,000 stems ha −1 (0.5 m × 0.5 m). During the growing process over the decades before wood harvesting, several tending events were carried out to adjust the stand density to promote forest growth. After wood harvesting by clear-cutting, each of the original parent trees (stumps) gave rise to a group (or cluster) of young trees. The observed pattern of young trees is the superposition of the clusters originating from the different parents. R. pseudoacacia can spread locally at rates up to 1 m per year [47] . The shrub layer usually contains Vitex negundo L., Ziziphus jujuba Mill., and some others. 
Experiment Design and Data Collection
Six black locust stands that had experienced clear-cutting were selected in 2017. The stands were characterized as two types: (1) second generation R. pseudoacacia stand and (2) third generation R. pseudoacacia stand. We established six 50 m× 50 m plots (II-4, II-6, II-9, III-1, III-5, III-8), each plot was more than 50 m from the road and the margin of stands to avoid the edge effect, and had an average slope of less than 5 • (Figure 2 ). All plots were located in a similar environment, with primarily cinnamon soil, N-S orientation, and similar herbaceous vegetation type, the mean inclination is <5 • C. Plots II-4, II-6, II-9 and plots III-1, III-5, and III-8 represent 4, 6, and 9 years after the first clear-cutting and 1, 5, and 8 years after the second clear-cutting, respectively. No management activities were undertaken in plots II-4, III-1, III-5, and III-8, and there was no grazing in these plots. However, plots II-6, and II-9, had been disturbed by cattle browsing after the forest tending (non-commercial thinning) was conducted every four years. Characteristics of all plots are presented in Table 1 .
Asexual reproduction arising from adventitious buds on roots and stumps (root sprouting and stump sprouting) is the primary regeneration mode of black locust after clear-cutting [6, 8, 48, 49] and constitutes 86-95% of the net primary productivity [50] . Seedlings were regenerated in the spring following clear-cutting; regeneration continued for several years, and then faded out thereafter [8] . The plots had only small amounts of shrub (Vitex negundo L.; 1-6%) and other trees (Ailanthus altissima; <0.5%) ( Figure 2 ), and the stands were almost exclusively comprised of R. pseudoacacia. The positions of all live trees and stumps within each plot were recorded. To simplify the field work, we established a unified coordinate system with the north-south orientation as the y-axis, the east-west orientation as the x-axis, and the southwest corner as the origin of the coordinate system. Each plot was divided into a regular grid of 5 × 5 m to investigate the regeneration [19, 51] , a tape and a metal ruler were used to measure the X/Y coordinates. We measured the diameter at breast height (DBH; 1.3 m) of each tree, except at plot III-1 where the trees were too small so the diameter at base stem was measured instead of DBH. Ramets sprouted from cut stumps were clumped, so we only measured the height and DBH (or diameter at base stem) of these trees after the positions of the stumps were located. 
Data Analysis
Analysis of Basic Stand Characteristics
To describe the spatial distribution of trees visually, a scatter diagram of trees of the six plots was created ( Figure 2 ), and the diameter distribution was analyzed in the six plots. Data analysis and plotting were implemented using R software version 3.3.1 with the ggplot2 package [52, 53] .
Correlation and Spacing Analysis
It was difficult to discriminate root sprouts and seedlings in the R. pseudoacacia stands; therefore, for convenient data description, we used the abbreviation SR to represent trees sprouted from roots or seedlings and the abbreviation SS to represent trees sprouted from stumps. The univariate function K(r), which has become established across wide areas following Ripley's influential paper [39] , however the K(r) function is a cumulative measure for detecting aggregation or dispersion up to a given distance r [42, 45, 54] , so the larger distance effects would be affected by a shorter distance of r [23, 55] . We used pair correlation function g(r) with Ripley's isotropic edge correction to explore the fine-scale patterns of each plot, and g(r) = K'(r)/2πr, and K'(r) = (W/ (n × (n − 1)) × sum[i,j] 1 {d ij ≤ r}e ij , and where r is the radius of each tree i, n is the number of plants in the researched plot, W is the area of the plot in m 2 , d ij is the distance between plants i and j, {d ij ≤ r} is an indicator that equals 1 if the distance is less than or equal to r, and e ij is a weighting factor to correct for edge effects [42, 56] . The univariate g(r) function can be used to test whether the spatial pattern of trees is random, clustered, or regular, and to describe the spatial scale range in which the patterns occur; thus, it can measure the correlation between trees. We also estimated the shortest distance of the spatial patterns based on the nearest neighbor function G(r), where G(r) = sum[i] I {d i ≤ r}/n. In this equation, r is the distance, n is the number of points within the given pattern, d i is the distance from point i to its nearest neighbor, and I(d i < r) is an indicator function that equals 1 if the argument is true and 0 otherwise [57] . To explore spatial relationships between SR and stumps, bivariate spatial pattern analyses were performed using g 12 (r): g 12 (r) = K 12 (r)/2πr. The interpretation of the parameters is similar to that of the univariate g(r), which was used in many studies of spatial pattern [19, 26, 29, 58] .
We assumed that the plots were environmentally homogeneous because of the small size of the 0.25-ha plots, so we tested the observed values of g(r) and G(r) against the null model of complete spatial randomness (CSR) to analyze the underlying biological processes that generated the spatial patterns of R. pseudoacacia trees. We constructed a simulation envelope by calculating 999 Monte Carlo (MC) simulation patterns of a CSR null model and removed the five highest and five lowest values of the simulations. Values of g(r) and G(r) outside of the envelope were deemed different than the simulated null model: g(r) > 1 or g(r) < 1 when the pattern tends to aggregate or be regular, respectively [41] , and values of G(r) above the theoretical value of the null model indicate that nearest-neighbor distances in the data are shorter than expected for a completely random pattern, which is consistent with clustering [42] . The significance of g 12 (r) was tested based on the null hypothesis of independence and keeping the stumps at fixed positions, g 12 (r) has an expectation of 1 under population independence but becomes bigger than 1 or smaller than 1 when two populations exhibit attraction or repulsion, respectively [26] . We used 999 simulations and the same procedure as described above for the univariate analysis. In order to analyze the distribution of SR around stumps, the numbers of SR at different distances from the stumps was calculated in each plot.
Fitting the Cluster Point Process to the Regeneration Data
Summary functions such as g(r) and G(r) are not sufficient to explain the underlying ecological process of spatial patterns, so we fitted appropriate cluster processes that can be interpreted biologically to our regeneration data. We applied the Matérn cluster process [59] and Variance-Gamma cluster process [60] to our data. Models were classified as with covariates and without covariates, and the log-quadratic of Cartesian coordinates x and y served as spatial covariates [42] . The Matérn cluster and Variance-gamma processes without covariate (also called Homogeneous Thomas process) described processes of dispersal limitation in which offspring are limited to aggregate around their parent trees [61] , which is indicative of the neutral theory of tree distribution. The Matérn cluster and Variance-Gamma processes with covariate (also called Heterogeneous Thomas process) describe joint effects of dispersal and habitat heterogeneity, which reflect the neutral theory and niche theory of tree distribution respectively. Both of the cluster processes consist of a number of stochastic and independent so-called parents with given intensity κ, and the patterns follow a homogeneous Poisson process. Then, each parent point gives rise to a random number of offspring according to a Poisson distribution with mean µ offspring per parent. The offspring points are independent and identically distributed around each parent, with a spatial probability density depending only on the distance from offspring to parent. In the Matérn cluster process, offspring trees are distributed according a bivariate Gaussian distribution around parents, and the probability density of distance from parents decreases rapidly after a specific distance. The probability density of offspring of Variance-Gamma process has a heavy tail with function:
η is the scale parameter and ν is an extra parameter controlling the 'shape' of the density, which must satisfy ν > −1/2 [42] .
Minimum contrast estimation with the K function was used to fit the processes to our observed data. The method of minimum contrast is measured by a function D(ψ), which denotes the contrast between the fitted curve and the empirical curve, where
dr a and b are the limits of the range of distances considered, and K ψ (r) andK(r) are the K function of the model and the empirical data, respectively [42] . Appropriate parameters of the model were searched to minimize the D(ψ). We used the K function to improve the quality of estimates in the method of minimum contrast.
The L function is a valuable tool for goodness-of-fit tests in point process statistics [54] . To test the deviation between the process that we modeled and our observed data, we used MC simulation envelopes generated by the cluster processes based on the L function of the models. The envelope limits were constructed by removing the five highest and five lowest values of L(r) among 999 random simulations based on the fitted processes. All spatial analyses were performed using spatstat package of the statistical software R version 3.3.1 and visual analyses were preformed using ggplot2 package [42, 52] .
Results
Basic Stand Characteristics
The number of R. pseudoacacia recruits varied from 1300 (plot II-9) to 5171 (plot III-1), and the mean diameter varied from 1.34 cm (±0.61 SD, plot III-1, diameter at basal stem) to 5.32 cm (±1.68 SD, plot II-9, DBH). The diameter distribution of R. pseudoacacia in all plots showed a slight left-skewed normal distribution. The proportion of SS decreased from 40.4% (II-4) to 30.1% (II-9) in second generation stands and decreased from 57.1% (III-1) to 35.7% (III-8) in third generation stands (Figure 3 ). The tree height varied from 1.89 ± 0.92 m (III-1) to 7.35 ± 2.68 m (III-8) in the 6 plots. The number of stumps in second generation stands was less than that in third generation stands (Figure 2) ; the mean base diameter of stumps was 15.31 ± 5.43 cm and 9.56 ± 2.83 cm in second and third generation stands respectively. The plots contained a small number of other trees; most of these were Vitex negundo L., which ranged in number from 44 (III-8) to 207 (II-4). We removed these trees from our data during statistical analyses. 
Correlation and Spacing Analysis
The univariate g(r) function indicated that clustering of stems occurred at different scales in the six plots. The degree of clustering was highest in plot III-1, which was in its first year after the second clear-cutting ( Figure 4 ). Increasing age of the plot showed decreasing percentages of cluster spatial distribution from 100% (in III-1) to 19.3% (in II-9), while the percentages of the random spatial distribution showed an increasing trend with increasing age, from 0 (in III-1) to 73.2% (in II-9) ( Figure 5 ). Plot II-4 was significantly clustered at scales less than 4.8 m and scales around 5.6 m, and weakly distributed or random clustered thereafter. Only plot II-9 had regular spacing at short distances to up to 0.3 m, while the other plots exhibited an aggregation pattern at small scales. We found that spatial repulsion mainly happened at larger scales (>3 m) in plots II-4, II-6 and III-8 (Figure 4 ). The nearest neighbor function G(r) indicated that a substantial proportion of recruits had their nearest neighbor at a short distance and were distributed as heavily clustered at the small scale of 1 m, except plot II-9. In particular, almost all recruits in plot III-1 were no more than 0.7 m from their nearest neighbor ( Figure 6 ). Relationship between age and spatial pattern (using g(r)) and spatial correlation (using g 12 (r)). Random, cluster and regular represent spatial patterns of SR; Independent, repulsion and attraction represent spatial correlations between SR and stumps. The bivariate analysis revealed that spatial interactions between stumps and SR varied among the different plots. A repulsion trend between SR and stumps was found in all of the six plots. In plot III-1, SR and stumps showed strong spatial attraction trend mainly, except a weak spatial repulsion at smaller scales (<0.1 m). In plot II-4, SR and stumps showed spatial independence at small scales (<0.2 m), and shifted to a spatial attraction tendency at distances of 0.24-0.34 m; the interactions showed a spatial repulsion at larger scales (Figure 7) . In plots II-6, II-9, III-5, and III-8, spatial repulsion was found at small scales (<1.2 m), and some spatial attraction were observed at larger scales in plots II-6 (5.1-5.4 m) and III-5 (5.4-5.5 m). No spatial attractions were found in plots II-9 and III-8. Overall, the frequency of the attraction spatial distribution between SR and stumps showed a declining trend with increasing age varied from 56.3% (III-1) to 0 (II-9, III-8) ( Figure 5 ). The numbers of SR at different distances from stumps in the six plots are shown in Figure 8 . In second generation black locust plots, most SR (>95%) were distributed within 3.5 m around the stumps, extending as far as 8.2 m (II-9), and in the third generation Black locust plots, most SR (>95%) were distributed within 2.6 m around the stumps, extending as far as 5.3 m (III-1). The extension distance of SR showed a slight increasing trend with age in both types of black locust plots. 
Fitting the Cluster Point Process to the Observed Data
We fitted four models to our observed data for all the six plots respectively. Three basic parameters of the cluster process without covariates can represent the ecological aspect: (1) κ, the parent intensity, (2) µ, mean cluster size, which refers to the mean offspring points of each cluster, and (3) r, the radius of each cluster, which determines the spread of offspring points around the center of clusters. The intensity of the process is λ = κµ. The parameter µ in the cluster process with covariates references the intensity of the smooth image of covariates. Based on the MC test, the Variance-Gamma cluster process with spatial covariates fit the observed data to an acceptable level. The values of the L function were within the envelope trace of the fitted models at most scales, but there was some deviation from the null model at some scales. We found a slight deviation between the fitted process and observed data at the scale of 0.0-1.2 m for plot II-4, and at the scale of very short distance (<0.2 m) for plot II-9. In plot III-1, the fitted process was overestimated at scale of 0.1-1.5 m, while in plot III-8, it was underestimated at scale of 2.8-7.7 m (Figure 9 Column CV). Envelopes (between the two blue solid lines) are based on the five highest and five lowest values from 999 simulations of the CSR null model. A1, A2, A3 and A4 represent Matérn cluster process with spatial covariates, Variance-Gamma cluster process with spatial covariates, Matérn cluster process without spatial covariates and Variance-Gamma cluster process without spatial covariates in plot II-4 respectively, and the other symbols (B1-B4, C1-C4, D1-D4, E1-E4, F1-F4) have the same meaning as A1-A4. Table 2 lists the values of κ, µ and r of the four cluster processes. The κ values determining the cluster centers of the two cluster processes, from the Variance-Gamma process with spatial covariates, show cluster centers which were varied between 340 (plot II-9) and 2765 (III-8) for every plot ( Table 2 ). The r values describing the cluster radius of cluster centers varied from 0.075 m (III-8) to 4.492 m (II-9) among all plots ( Table 2 ). The larger radius r in plot III-8 may be caused by the spatial repulsion in short distance indicated by the g(r) analysis (Figure 4 ). Note: CM: Matérn cluster process with spatial covariates (log-quadratic of Cartesian coordinates x and y); CV: Variance-Gamma cluster process with spatial covariates (log-quadratic of Cartesian coordinates x and y). M: Matérn cluster process without spatial covariates. V: Variance-Gamma cluster process without spatial covariates. κ = the parent intensity; r = the radius of each cluster; µ = cluster size, which refers to the mean offspring points of each cluster.
Discussion
Black locust trees are the main timber in the water and soil conservation forest in the Luoning hilly area. The multigenerational black locust plantation forests have similar characteristics with secondary forests, which cannot provide much timber production, water conservation, or biodiversity maintenance [62, 63] . It is essential to understand multigenerational growth processes after clear-cutting and tending-felling. Our findings indicated that there are differences in growth and spatial patterns among intergenerational stages and age stages of black locust stands in central-China, as well as the spatial correlation between stumps and SR.
The Growth Differences in Intergenerational Stages
The growth stages consist of difference in age and in intergenerational stages. The left-skew shape of the diameter distribution of R. pseudoacacia in all plots showed that much of the regeneration was distributed in the smaller diameter classes, indicating young populations. The proportion of SS, representing the ramets sprouted from stumps, showed a decreasing trend in the two types of Black locust plots respectively (Figure 3 ), which may indicate that self-thinning of SS was increasingly rapidly and that the nitrogen demands of the daughter ramets to roots were supplied mainly from the parents through clonal integration [64] . Trees sprouted from roots or seedlings (SR) were fewer than those sprouted stumps (SS) in the first year, likely due to the open field created by clear-cutting, which caused a dry and poorly nutritive site environment [65] and the fact that nutrition of stumps could be conveniently supplied to SS. Aspen trees have shown a similar pattern after thinning; asexual reproduction accounted for 92% of all aspen regeneration at year 1, with 72% as stump sprouts and 20% as root suckers [66] . The age of SS inherited age of its stump, more SR are required in order to rejuvenize the forest, shelterwood and seed-tree system with scarification are effective methods for promoting regeneration in conifer stands [5] , which indicatesd that this method could be a viable silvicultural alternatives to clear-cutting in black locust forests. In our comparison of two types of stands, tree height in third generation plots was greater than in second generation plots, indicating that the high density of third generation stands resulted in more upward growth to better compete for light resources.
The decreased rate of number of R. pseudoacacia slowed down with age, suggesting that the speed of self-thinning was decreasing after several years of growth and that some tending felling measures should be conducted. Few small R. pseudoacacia were found in stands with larger diameters (plots II-6, II-9). This was likely due to two reasons: (i) R. pseudoacacia is a pioneer tree species and the low light following canopy closure limited the survival of new ramets [6, 14] , and (ii) the leaves of R. pseudoacacia are good feed for livestock [67] and grazing in the stands influenced the regeneration. In all plots, we found that the diversity of understory shrubs was very low, which may be a result of the low light intensity [64] and the strong competitiveness and invasiveness of R. pseudoacacia in dry sites. This phenomenon has also been suggested in other research indicating that R. pseudoacacia negatively affected the performance of other tree species [8] .
The Spatial Patterns in Different Growth Stages
Based on the univariate g(r) function, all plots exhibited a clustered pattern. In the second generation and third generation stands, we found that the degree of clustering showed a decreasing trend with age, while the degree of random and repulsion distribution showed an increasing trend with age ( Figures 4 and 5) , which is consistent with our first hypothesis and the fact that spatial patterns tend to develop from clumped through random to regular patterns [68] . Oriental beech also shows the same type of spatial pattern variance, from initial to optimal stage [30] . In our second generation stands, the distance of repulsion decreased with age, while the regular pattern only happened at larger distances in plot III-8 in the third generation stands, this pattern difference in different plots is likely the result of tending-felling in plots II-6 and II-9, which reduced competition on small scales. No tending-felling measures were conducted in third generation stands, resulting in lower occurrence of spatial repulsion. Increased competition for resources (e.g., light, water, nutrients) among neighboring trees is part of the dynamics of self-thinning, which may cause a more regular pattern as age of forest increases [30] . Self-thinning may occur more quickly in the first few years after clear-cutting, as indicated by moso bamboo where mature individuals are not regulated by negative density-related mechanisms [58] . The relatively low spatial aggregation of plots III-5 (33.2%) and III-8 (37.9%) may have been caused by the fact that the third generation stands were generated by clear-cutting after the second generation stands had grown for only 15 years; the locations of third generation stand trees had a strong inheritance from second generation stands, which had been heavily disturbed by humans and cattle browsing. In our study, a great proportion of black locust trees had nearest neighbors at a very short distance consistent with the result of spatial pattern analysis by g(r). Spatial pattern analysis was conducted without the location information of stumps, and the aggregation became weaker when the coordinates of stumps were added when calculating the g(r) function; this phenomenon was probably affected by the distribution of stumps, because analysis of stump locations revealed that only stumps of plot III-1 clustered at short distance.
We observed both spatial repulsion and attraction between SR and stumps at different spatial scales. Just as our second hypothesis, spatial repulsion at short distances (about 0.2 m) was observed in all plots possibly the result of the presence of stump sprouts preventing root suckers, because of the indoleacetic acid (IAA) in buds of the stumps [69] . Spatial repulsion could also be caused by negative neighborhood effects of SR escaping intraspecific competition of SS, an effect has been reported as driving spatial distribution patterns in other tree species [70] [71] [72] . Another potential reason is the Janzen-Connell hypothesis [73, 74] : that seeds are dispersed away from parent plants to avoid the negative influences of seedling competition, pathogens, herbivores, and seed predators. The attraction observed between SR and stumps at scales beyond 0.5 m in plot III-1 was likely a consequence of the two processes: the high density of stumps of the third generation stand meant more roots and seeds in the plot, and the young stumps of the third generation stand coming from the second generation stand may have resulted in more sprouts than old stumps [75] at a larger scale. Meanwhile, research in the eastern Canadian has shown that the regeneration of small seedlings was less affected by spruce budworm activity in conifer forest because of adjacent bigger tree [17] . We found that the degree of repulsion showed an increasing trend with age, which may be indicator of competition between SS and SR; the rapid growth of SS consumed more nutrients of clone integration and small trees were shaded by canopy. The larger degree of repulsion in second generation stands (31.6%, 18.4%, 23.4%) than in the third generation stands (2%, 16.8%, 17%) may be because roots of second generation stands could provide further nutritional support, which is consistent with the number of SR at different distances from stumps. Spatial attraction between SR and stumps at short distance (0.3 m) was only found in plot II-4 and III-1, this may suggest that there was an aggregation of SR within 0.3 m around the stumps in the first few years after clear-cutting.
The Ecological Processes behind These Spatial Patterns
Point process characteristics are valuable tools for exploratory data analysis in forestry [54] . By applying appropriate point process models to observed patterns, potential mechanisms could be estimated [61, 76] in our study. Fitting a cluster model to a dataset requires some assumptions of spatial patterns [42] ; because the analysis by g(r) function of the observed patterns revealed that aggregation happened on different scales, four cluster processes were selected based on the pre-analysis. The homogeneous and heterogeneous cluster processes represent dispersal limitation and joint effects of habitat heterogeneity and dispersal limitation respectively and have been successfully applied in many studies to interpret the spatial pattern and species-area curve [26, 28, 61, 77] . Although there were some deviations of observed patterns from the null cluster processes, the results we obtained could suggest some biological processes behind the spatial aggregation patterns. The Variance-Gamma process with covariates of log-quadratic of the Cartesian coordinates is the best model describing patterns at most scales in the six plots, suggesting that dispersal limitation played an important role during the formation of spatial aggregation pattern and the distribution of offspring could be very distant from the cluster centers. Many mechanisms of the clustered pattern have been researched, and the pattern has been attributed to several causes, including: (i) seed dispersal limitations and concentration of the majority of seeds around adult plants [23, [78] [79] [80] [81] [82] , which may not correspond to topography; (ii) small gaps resulting in the clustering of juvenile trees and pioneer species [51, 83, 84] ; and (iii) topography, site heterogeneity, and disturbance resulting in aggregation at large scales [85] . The fine-scale plots in our study were selected under the same environmental conditions, topography, and terrain direction, and could be considered a homogeneous environment. Seed dispersal is the first process [77] and habit heterogeneous plays a weak role to determine the distribution of trees, but asexual regeneration is a primary reproduction pattern in Black locust forest after clear-cutting [50] . Hence, seed dispersal and root dispersal set the template for black locust tree distribution after clear-cutting rather than soil and topographic heterogeneity [64] , which was agreement with our third hypothesis. Covariates of the Cartesian coordinates could improve the goodness of fit, which suggests that the intensity of trees was varied spatially. Although root dispersal was the main process determining spatial patterns after clear-cutting, some clusters of clones are produced from adventitious buds in high-light patches [64, 86] . The spatially variation of roots may be dependent on soil fertility and light intensity similar to moso bamboo which expands to new areas by its underground rhizomes [58] , and habit study using geostatistics will be required in future.
The number of cluster centers simulated by the models decreased with age in second generation stands and increased with age in third generation stands. The difference in trends with age could be due to the fact that in second generation stands, tending logging removed some aggregate trees that had grown poorly, and self-thinning in third generation stands could improve the cluster centers. The small cluster size simulated by the cluster processes was consistent with the nearest neighbor distribution and g(r) function analysis, indicating that many SRs were clustered tightly. Spatial patterns are the result of an iteration of mother-offspring events over several generations [87] , particularly in multi generation black locust forest, and more sophisticated analyses and models are needed to detect the mechanisms of spatial pattern formation.
Management Implications
Forest management strategies are established according the objectives and intended function of the forest, such as timber resources or water and soil conservation. Clear-cutting is the only harvest method for black locust forest in Luoning area of central China, because of the advantages of the regeneration method after clear-cutting, while regeneration was unsatisfactory after clear-cutting in some conifer forests because of insect outbreaks, herbivore browsing, or change of habit [17, 88, 89] . Shelterwood and seed-tree systems were used to maintain regeneration and promote plant diversity in these conifer forests. Goals of black locust stands of the study area are to provide timber and conserve water and soil; as multi generation black locust stands cannot meet these demands well, shelterwood and seed-tree systems are used to convert pure black locust forest to uneven-aged mingled forest, as has been done with converting larch plantations to larch-walnut mixed stands [1, 62] . Tending-felling is also carried out in overstocked stands to reduce competition among crop trees, increase growth rates and shorten rotation length [90, 91] , which could influence the spatial patterns and growth of regeneration after clear-cutting. Especially in third generation stands, the highly clustered patterns seen in our study suggest that tending-felling should be implemented at early stages to gain high volume growth [91] . Grazing after clear-cutting mainly affected biodiversity and the regeneration under canopy implying that livestock should not permitted into early regeneration stages. Therefore, it will be necessary to design experiments on different harvest and tending-felling methods in black locust planation forest to get intensive management strategies of black locust forest.
Conclusions
Extensive research has demonstrated that tree patterns in natural forests progress through self-thinning from aggregated to random or even regular patterns. This rule may also apply in artificial forests without disturbance. Clear-cutting and tending-felling are two main management measures in black locust stands in our study area, which had a strong impact on the development of spatial patterns and growth. In this study, we analyzed spatial patterns and growth at different ages in two types of R. pseudoacacia plantation (i.e., second generation stands and third generation stands) and the influences of tending-felling on the spatial patterns. We also fitted general cluster processes to the observed data. The main findings are as follows: (i) proportion of SS showed a decreasing trend with age, spatial patterns changed from cluster to repulsion with age in each type of stand, the intensity of aggregation showed a decreasing trend with age, and the spatial attraction between stumps and SR tended to decrease with age, (ii) in terms of intergeneration stages, when the radial growth was restricted due to the density in third generation stands, trees tended to grow vertically, the influence by tend-felling in second generation stands resulted in occurring scale of the regular patterns diminished, average distance between stumps and SR in second generation stands is bigger than in third generation stands, and (iii) root and seed dispersal limitation, human disturbance, and intraspecific competition were the main underlying mechanisms behind the observed spatial patterns.
Our findings are important for forest management of black locust stands, and the effects of spatial pattern recruits on the structure of future forests should be causes for concern [26]. Clear-cutting methods resulting in excessive cluster patterns at any scale affect the growth and sustainable development of forest, and we should introduce more advances harvest systems such as shelterwood and seed-tree systems. Tending-felling could be implemented during regeneration before the speed of growth slows down because of intraspecific competition. During the process of tending, more ramets sprouting from stumps should be removed to ensure the rejuvenation and sustainable management of the forest. Grazing in the black locust plantation forest influences stand structure and biodiversity, so reasonable protection should be considered after forest harvest to facilitate the formation of heterogeneous multi-storied forest.
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